Prior research indicated that foot ash determinations were as robust as tibia bone ash determinations in reflecting the degree of bone mineralization in chicks at 14 d of age. In the current research, the relative effectiveness of the 2 procedures was evaluated in 21-and 42-day-old broilers while also evaluating a new dietary phytase supplement. In experiment 1, broilers were fed until 21 d of age a negative control diet with 0.24% available phosphorus, a positive control diet with 0.48% available phosphorus, or the negative control diet supplemented with 300, 500, 1,000, or 2,500 phytase units/kg diet. In experiment 2, broilers were fed until 42 d of age negative control diets having 0.275, 0.250, and 0.225 percent available dietary phosphorus in the starter, grower, and finisher periods, respectively, positive control diets having 0.475, 0.450, and 0.425 percent available dietary phosphorus in the starter, grower, and finisher periods, respectively, or the negative control diets supplemented with 500, 1,000, or 2,500 phytase units/kg diet. At 21 and 42 d of age, broilers fed diets supplemented with the 2 highest doses of phytase had foot and tibia ash values equal to those fed the positive control diet and higher than those fed the negative control diet. At 42 d of age, feed conversion and total breast meat yield values for the broilers fed the highest dose of phytase were superior to the values of the birds fed the positive control diet or the diet containing the lowest dose of phytase. The results indicate that adding levels of this new dietary phytase beyond what is necessary for normal bone mineralization enhances feed conversion and that dried foot and tibia bone ash determinations are both reliable in detecting differences in bone mineralization in 21-and 42-day-old broilers.
DESCRIPTION OF PROBLEM
Prior research [1] [2] [3] [4] indicated that ashing a dried foot obtained by severing it at the junction of the tibiotarsus with the tarsometatarsus could reflect the degree of bone mineralization in chicks through 14 d of age as 1 Corresponding author: ajdavis@uga.edu well as the traditional AOAC tibia ash method [5] . The foot ash method offers significant advantages over the traditional AOAC method as it is much less labor intensive, requires less specialized equipment, and does not involve the use of hazardous chemicals. However, although many researchers started utilizing the foot ash procedure, its effectiveness relative to the AOAC method has not been well verified for broilers that were greater than 14 d of age.
Phytase hydrolyzes phytic acid, which is the primary storage form of phosphorus in plant tissues, especially seeds. Typically the phosphorus of phytic acid is poorly liberated during digestion in monogastric animals. Phytic acid also interacts with other nutrients present in the diet, and the addition of microbial phytase to the diet not only releases phosphorus from phytic acid, but it also increases the bioavailability of cationic minerals and protein [6] [7] [8] [9] in diets fed to commercially produced poultry and swine. By making the phosphorus from phytic acid available through the use of exogenous dietary phytase, poultry and swine nutritionists can reduce the costs of their diets as the need for other dietary phosphorus sources is greatly lessened. Therefore, commercially produced phytases have become widely available.
The catalytic activity of commercial phytases varies based on their protein structure as well as their sensitivity to reaction conditions (pH, temperature, substrate concentration, and time duration, for instance). A new generation Pichia pastoris produced phytase derived from Escherichia coli [10] was evaluated in the current research. Using site-directed gene mutagenesis, this enzyme's conformation was engineered to prevent transformation of the enzyme from a folded to unfolded state, which enhances the enzyme's thermostability and resistance to proteolytic degradation. It will be marketed to have enhanced stability, improved performance, greater resistance to adverse conditions, and activity across a pH range of 2.5 to 6.0. Therefore, the objectives of the current research were not only to examine the effectiveness of the foot ash procedure relative to the tibia bone ash procedure in 21-and 42-day-old broilers, but also to evaluate the efficacy of this new phytase in broilers.
MATERIALS AND METHODS
Cobb male fast feathering broiler chicks were obtained from a local hatchery [11] and utilized in 2 separate experiments. The chicks for experiment 1 came from a breeder flock that was 48 wk old, while the chicks used for experiment 2 came from a flock that was 40 wk old. All animal procedures were approved by the University of Georgia Animal Care and Use Committee, Athens, GA.
Experiment 1
This experiment was conducted in a room equipped with 2 stainless steel Petersime Brooder Batteries [12] . Each battery was equipped with 24 pens (6 levels each with 4 pens) with each individual pen measuring 98 cm long by 35 cm wide by 23 cm high. The room had its own computerized controller for temperature and ventilation control. The room was equipped with a gas-fired furnace, a 61 cm exhaust fan, an evaporative cooling system, and a fluorescent light source. A continuous lighting program was implemented with a light intensity of 20 lux for 24 h (zero to 3 d) and 20 lux for 20 h (3 to 21 d). Ambient temperature was set to 34
• C on d one and decreased by 0.28
• C each day. Prior to placing chicks, the 48 pens were assigned to one of 6 dietary treatments in a random block design (8 total replicate pens per treatment, 4 replicate pens per treatment per battery). A total of 500, d of hatch chicks were sorted and those with extreme weights were discarded before the remaining birds were assigned to the 48 pens (5 birds per pen). The dietary treatments consisted of a negative control diet (Table 1) with 0.24% available phosphorus (AP), a positive control diet with 0.48% AP, and the negative control diet supplemented with phytase at 300, 500, 1,000, or 2,500 phytase units (FTU)/kg diet. Diets were formulated based on a digestible amino acid (AA) basis. The starter diets (Table 2) were formulated to meet or exceed NRC [13] requirements except for AP level in the negative control diet, and this diet was supplemented with phytase. Feed and water were provided ad libitum for the 21-day experimental period. All diets were fed in a mash form.
Birds and feeds were weighed on d zero, 14, and 21 to determine BW, body weight gain (BWG), and feed conversion (FC). The chicks were killed by cervical dislocation on d 21. The tibia was collected from the left leg of each bird and was used for subsequent tibia ash determination. The right foot of each bird was obtained by severing it at the junction of the tibiotarsus 3 Trace mineral premix provides the following in milligrams per kilogram of diet: manganese, 60; zinc, 50; iron, 30; copper, 5; iodine, 1.5; selenium, 0.5. 4 For the negative control treatment 0.03% of the diet was Solka-Floc and for the treatment containing 2,500 FTU/kg of phytase [10], 0.03% of the diet was phytase (10,000 FTU/g). The treatments containing intermediate doses of 300, 500, and 1,000 FTU/kg phytase were produced by adding a combination of phytase and Solka-Floc.
with the tarsometatarsus and was subsequently utilized for foot ash determination.
Experiment 2
This experiment was conducted in a facility with 2 identical but separate rooms in which each room had 24 ( For each room, a computerized controller regulated 2 gas-fired furnaces, an exterior evaporative cooling system, 4 45.7 cm ceiling circulation fans, and for air clearance at the end of each room, 2 91.4 cm exhaust fans and one 61 cm exhaust fan. Ambient temperature was set to 34
• C until 24 • C was reached and then maintained.
Prior to placing chicks, 48 pens were assigned to one of 6 dietary treatments in a random block design (8 replicate pens per treatment, 4 replicate pens per treatment per room). A total of 3,000, d of hatch chicks were sorted and those with extreme weights were discarded before the remaining birds were assigned to the 48 pens (21 birds per pen). Feed and water were provided ad libitum for each production period: starter (zero to 14 d of age), grower (14 to 28 d of age), and finisher (28 to 42 d of age).
The dietary treatments (Table 2 ) consisted of a negative control having 0.275, 0.250, and 0.225% AP in the starter, grower, and finisher periods, respectively, an intermediate control having 0.375, 0.350, and 0.325% AP in the starter, grower, and finisher periods, respectively, and a positive control having control having 0.475, 0.450, and 0.425% AP in the starter, grower, and finisher periods, respectively. In addition, there were 3 other dietary treatments that consisted of the negative control supplemented with phytase at 500, 1,000, or 2,500 FTU/kg diet. Diets were formulated on a digestible AA basis. The starter, grower, and finisher diets were formulated to meet or exceed NRC [13] requirements except for AP in the negative and intermediate control diets and the negative control diet supplemented with phytase. All diets were fed in mash form.
For each room, humidity, temperature, water consumption, and pen mortality were recorded iodine, 1.5; selenium, 0.5. 4 For the negative control diet 0.03% of the diet was Solka-Floc, for the 2,500 FTU dose of phytase [10], 0.03% of the diet was phytase (10,000 FTU/g). The intermediate doses of 500 and 1,000 FTU/kg diet were produced by adding a combination of phytase and Solka-Floc. 5 The level of phytase activity was determined [24] in the diets and the mean ± SEM level in the starter, grower, and finisher diets was 53 ± 1, 55 ± 2, 65 ± 1, 510 ± 1, 1,017 ± 2, and 2,596 ± 7 for the negative control, intermediate control, positive control, 500 FTU dose, 1,000 FTU dose, and 2,500 FTU dose dietary treatments, respectively.
daily. Birds and feeds were weighed on d zero, 14, 28, and 42 to determine BW, BWG, and FC. On d 42, the mean bird weight for each pen was determined and 8 birds per pen within 300 g above/below the mean weight of their pen were selected for processing. Individual weights for the selected birds were recorded and each bird was leg banded prior to placement in a coop for an overnight feed withdrawal before processing. On d 43, birds were weighed and processed at the University of Georgia's Pilot Processing Plant as described [17] . The tibia from the left leg and the right foot severed at the junction of the tibiotarsus with the tarsometatarsus from the right leg were collected from each processed bird for subsequent tibia and foot ash determinations. Eviscerated hot carcass weights were recorded for each bird prior to static chilling for 4 hours.
After chilling, chilled carcasses were drained and deboned with the same deboners completing the same cuts on all birds for consistency. Weights were recorded for drained chilled carcass, pectoralis major, pectoralis minor, wings, and leg quarters of each bird. Percent yield calculations were based on the fasted, live weight of the bird.
Tibia and Foot Ash Determinations
Tibias were cleaned of adhering tissue, defatted, and dried before ash determination following the AOAC method [5] . Foot samples that were obtained by severing the right foot at the junction of the tibiotarsus with the tarsometatarsus were dried at 105
• C for 60 h (experiment 1) and 80 h (experiment 2) before being weighed and then ashed following the same procedure for tibia bone ashing.
Statistical Analyses
Body weight, BWG, FC, percent carcass yields, and percent bone and foot ash were subjected to ANOVA according to the General Linear Model (GLM). Tukey's multiple-comparison procedure was used to detect significant differences among dietary treatments [18] . Linear regression analysis was performed to evaluate the relationship between tibia and bone ash values. Differences were considered significant when P < 0.05. All statistical procedures were completed with the Minitab statistical software package [19] .
RESULTS AND DISCUSSION
In experiment 1 (Table 3) , based on BW, BWG, FC, and percent foot ash, supplementing the negative control diet with 500 FTU/kg diet of phytase resulted in bird performance that was equivalent to that obtained in broilers fed the positive control diet. However, tibia ash content in birds fed the negative control diet supplemented with 500 FTU/kg diet of phytase was significantly lower than the tibia ash content of the birds fed the positive control diet. Broilers fed the negative control diet supplemented with 1,000 FTU/kg diet of phytase performed equivalent to the broilers fed the positive control diet in all parameters measured. Interestingly, the broilers fed the negative control diet with 2,500 FTU/kg diet of phytase had greater BW and BWG values and a lower FC ratio value than the broilers fed the positive control diet.
Foot ash and tibia ash were both effective in picking up differences in bone mineralization in the broilers fed the different diets except for the one difference already noted that the ash content between the positive control and 500 FTU/kg treatments did not differ in foot ash, but did in tibia ash. A linear regression analysis of tibia ash percent versus foot ash percent indicated there was a high degree of relationship between tibia ash and foot ash measurements (R 2 greater than 0.90), which indicates that foot ash is a robust alternative to tibia ash for assessing bone mineralization. Yan et al., [20] reported a similar R 2 value between tibia and foot ash values in 21-day-old broilers. 1 The values are means ± SEM, n = 8 replicate pens. 2 The negative control diet had 0.95% total calcium, 0.24% available phosphorus (AP), and 0.49% total phosphorus (TP) while the positive control diet had 0.95% total calcium, 0.48% AP, and 0.73% TP. In experiment 2, broilers fed the positive control diet gained more weight than the broilers fed the negative control diet ( Table 4 ). The performance of the broilers fed the intermediate level of available phosphorus had BWG and FC values equivalent to the broilers fed the positive control diet. BW and BWG did not differ among the broilers fed the 3 different doses of phytase. However, the broilers fed any of the 3 doses of phytase had increased BW and BWG values relative to the broilers fed the positive control diet. Additionally, the broilers fed the 2 highest doses of phytase had better FC values than the broilers fed the positive control diet or the diet containing the 500 FTU/kg dose of phytase (Table 4) .
Percent tibia ash was decreased in the broilers fed the negative control diet relative to the broilers fed each of the other dietary treatments (Table 4 ). There were no differences in percent tibia ash among the broilers fed any of the diets containing different doses of phytase or among the broilers fed the positive control diet and those fed diets supplemented with phytase ( Table 4) . As was seen with the 21-day-old broilers in experiment 1, based on a regression analysis of tibia ash percent vs. foot ash percent, there is a high degree of relationship between tibia ash and foot ash measurements (R 2 greater than 0.90) in the 42-day-old broilers. Previously Shastak et al., [21] reported that foot ash was as sensitive as tibia ash in assessing bone mineralization in 35-day-old broilers. However, Shastak et al., used bones that had been cleaned from soft and connective tissue for their foot ash determinations unlike in the current research in which foot ash was determined on dried foot samples that had not been cleaned of any tissue.
The yields of pectoralis major, pectoralis minor, total breast meat, wings, and leg quarters as a percent of live fasted weight did not differ between the broilers fed the positive control diet and those fed the diet containing 500 FTU/kg dose of phytase (Table 5 ). Percent total breast meat yield was greater in the broilers fed the 2,500 FTU/kg dose of phytase compared to those fed the 500 FTU/kg dose or the positive control diet (Table 5) . Although feeding broilers only a 500 FTU/kg dose of phytase for 42 d was needed to have the percent tibia and foot ash equal to the positive control birds, feeding the 2,500 FTU/kg dose of phytase improved total breast meat yield and feed conversion when compared to the broilers fed the 500 FTU/kg dose of phytase. The mechanisms by which feeding the higher dose of the phytase improved feed conversion and breast meat yield needs to be further investigated in subsequent research. However, as reviewed by [22, 23] , feeding higher concentrations of other dietary phytase products beyond what is needed for adequate bone density can improve broiler performance and nutrient utilization.
To our knowledge, this is the first report indicating that foot ash determinations in 42-day-old
